winter wheat, which was supported by pedigree information (Barrett et al., 1998) . Since genetic variance for reliably at VRN-A1 is a limitation. This is especially
genotypes analyzed in this study. One of these differences resulted true in backcrossing programs, where distinguishing hoin the presence of an additional AciI restriction site in the allele for mozygous and heterozygous spring wheat progeny is spring growth habit. This difference was exploited to develop a cleavnot possible. A molecular marker for vernalization habit age amplification polymorphic sequence (CAPS) that can be used to would be valuable in crossing programs involving both determine the allelic state at VRN-A1 in germplasm collections, and as growth habits.
a marker in backcross breeding projects. An additional pair of dominant
A VRN-A1 marker also would be useful in genotyping markers was developed from a different polymorphism.
spring germplasm. It is often the case that VRN-A1 genotype is not known in untested germplasm materials, as spring habit may be due to dominate alleles at other W heat primarily exists as either winter or spring VRN loci (McIntosh et al., 2003) . Dominant spring algrowth habit. Winter wheat requires a vernalizaleles at these loci result in genotypes that do not require tion period (4-6 wk at temperatures below 10ЊC) to cold treatment to flower but have differences in flowinduce flowering, while spring wheat flowers without ering time. The effect of the different VRN-1 genes on a vernalization treatment. Although there are several flowering is difficult to distinguish from other genes that genes influencing vernalization treatment (McIntosh et also influence flowering time in wheat (e.g., response to al., 2003) , the most common difference between spring photoperiod). A simple distinguishing test to determine and winter wheat genotypes in North America is at allelic state at VRN-A1 would be useful in applied wheat the VRN-A1 locus. In common wheat, spring habit is breeding programs. inherited as a dominant trait and winter habit is reces-
The VRN-A1 vernalization locus has been mapped sive (Flood and Halloran, 1986) .
in Triticum monococcum L. and associated with RFLP Spring and winter wheat are grown interchangeably markers (Dubcovsky et al., 1998) . VRN-A1 was also in many regions of the Great Plains, and as a result, mapped in the deletion-bin maps of T. aestivum (Sarma breeding criteria for new varieties are similar. However, et al., 1998; Sutka et al., 1999) . These mapping projects the two habits have formed isolated gene pools since identified RFLP markers that were tightly linked to the new spring and winter varieties tend to be developed VRN-A1 locus. Unfortunately, RFLPs often show low from varieties of similar habit. In this regard, Barrett levels of polymorphism between improved cultivars and Kidwell (1998) assessed genetic diversity using am- (Bryan et al., 1999) . Iwaki et al. (2002) converted an plified fragment length polymorphisms (AFLP) for sev-RFLP marker linked to the orthologous VRN-B1 locus eral classes of wheat grown in the Pacific Northwest.
on chromosome 5B into a dCAPS marker. RFLP markTheir results showed a clear separation of spring and ers linked to vernalization also have been used to identify BAC clones in barley, rice and T. monococcum
The positional cloning showed that wheat APETALA1
RESULTS
(AP1) homolog was the VRN-A1 gene in diploid wheat,
Development of A Genome Specific Primers
and this was confirmed by expression studies during Twelve positive BAC clones were identified in the vernalization (Yan et al., 2003) . Trevaskis et al. (2003) screening of the tetraploid BAC library of Langdon and Danyluk et al. (2003) confirmed a similar expression (Cenci et al., 2003) by hybridization with the VRN-1 profile of AP1 in common wheat. The VRN-A1 sequence specific probe. These twelve BACs were assembled into information obtained from the previous studies provides two groups by HindIII fingerprinting, and then conthe opportunity to develop a PCR marker within the firmed by Southern blot hybridization with the VRN-1 gene for the spring versus winter allele. That opportuprobe. Langdon BACs 1256C17 and 1225D16 were senity is the focus of this paper.
lected to represent each of the two different groups from Langdon, and BAC clone 22J2 was selected from the
MATERIALS AND METHODS
partial D genome BAC library. Genomic sequences bePlant Materials tween exon 4 and the end of the genes were obtained by means of primers TmExon4-F and Tm3ЈUTR-R ( loci. (Pugsley, 1971; Stelmakh, 1987; Storlie et al., 1998 
A1-specific forward primer VA1-F was located in intron 4. The sequence of this primer differed from the B and Molecular Protocols
D genome sequences at positions 20 and 25 (Table 2 , underlined). The VRN-A1-specific reverse primer VA1-R Genomic DNA was isolated from 40 spring wheat lines and 37 winter wheat lines as described by Riede and Anderson was located in the 3ЈUTR. The sequence of this primer (1996) . Each individual was maintained in the greenhouse to differed from the B genome sequence at positions 10 confirm growth habit. and 20 (Table 2, (Table 2 ). This probe was used lacking chromosome 5A, confirming the A-genome specito screen the BAC library of the tetraploid variety Langdon ficity of these primers (Fig. 1) . (Cenci et al., 2003) to amplify, clone, and sequence the 0.8-kb fragment ences could be sequencing artifacts. Conversely, the dif-'w' haplotype and in a 456-bp fragment in the accessions with the s haplotype (Fig. 3) . ferences composing the two haplotypes were seen in all accessions. All the accessions with a winter growth habit, except Triple Dirk C, had the same haplotype (Fig. 2, Allele-Specific Dominant Markers top), which will be referred to hereafter as the "w"
The two-step procedure required for the CAPS marker haplotype. Thirty-seven out of the 40 accessions with a and the additional cost of the restriction enzyme could spring growth habit have the alternative haplotype be a limitation in high throughput screenings in breeding (Fig. 2, bottom) , which will be referred to hereafter as programs. For these cases, allele specific primers were the "s" haplotype. Lines Egypt NA 101, Gular, and S-1 designed based on the 1-bp indel at position 361 (Fig. 2) . were confirmed to have a spring growth habit, but have Primer 361S-F had an A at the 3Ј end of the primer that the w haplotype (Table 1) . Spring growth habit may be matched the 's' haplotype, whereas primer 361W-F had due to dominant alleles at other vernalization loci a T at the 3Ј end, characteristic of the w haplotype (Flood and Halloran, 1986) . To determine the VRN-A1
( Table 2) . Each of these two primers in combination genotype for these three accessions, they were each with the A specific primer VA1-R produced a dominant crossed with the tester line Triple Dirk homozygous for marker for each of the two different haplotypes. the dominant VRN-A1 allele. If the lines had a spring Since the allele-specific primers differ only in 1 bp allele at a VRN locus other than VRN-A1 then a portion they might require optimization of the PCR conditions. of the F 2 progeny would have a winter growth habit, During the optimization process, the PCR products can whereas if these three lines had the dominant VRN-A1 be digested with HinfI to confirm the A-genome origin allele, then all the progeny would have a spring growth of the amplification product (no HinfI site within this A habit. In each of the three cases tested, a portion of genome segment) and with AciI to confirm the amplified the F 2 progeny were winter. Therefore, Egypt NA 101, haplotype (s haplotype: 116 ϩ 264 bp, w haplotype: 360 Gular, and S-1 are homozygous recessive for vrn-A1 and bp). Figure 4 shows the PCR amplifications of DNAs their spring growth habit was determined by a dominant from 20 spring (1-20) and 10 winter (21-30) F 2 plants allele at one of the other vernalization genes. Chinese from the cross Newana ϫ Redwin. The PCR products Spring was an exception to the association between the were amplified with the spring haplotype-specific primer dominant VRN-A1 allele and the s haplotype among 361S-F/VA1-R and then digested with restriction enthe accessions with a spring growth habit (Table 1) .
zyme AciI. The presence of the 116-bp band confirmed Chinese Spring had the s haplotype but is known to that the PCR product was from the s haplotype. No carry a recessive vrn-A1 allele. Its spring growth habit PCR products were detected in the winter accessions. is determined by a dominant VRN-D1 allele.
Codominant Cleavage Amplification DISCUSSION Polymorphic Sequence (CAPS) Marker
Perfect markers, which show no recombination with the phenotype, have been designed for the dwarfing, The lines with the w haplotype have a T at position 457, whereas the lines with the s haplotype have a C at hardness, and waxy loci in wheat (Ellis et al., 2002; Gioux and Morris, 1997; Tranquilli et al., 1999;  McLauchlan et this position generating an additional recognition site for restriction enzyme AciI (Fig. 2) . The s haplotype al., 2001). In these cases, the perfect marker is for the sequence difference that causes the different phenohas five recognition sites for AciI and the w haplotype four (Fig. 2) . Digestion of the PCR product from VRNtypes. The advantage of perfect markers is that they are completely linked to the phenotype. A1-specific primers VA1-F and VA1-R with AciI resulted in a 532-bp fragment in the accessions with the Two out of the 77 accessions analyzed here did not show the expected association between the dominant and most accessions with the recessive vrn-A1 allele winters have the w haplotype. The close association VRN-A1 allele and the corresponding marker, indicating that these mutations are probably not directly rebetween haplotypes and growth habit support the conclusions of Yan et al. (2003) that the wheat AP1 gene sponsible for the differences in growth habit. The two 1-bp indels are located within introns 4 and 6, and it is is the vernalization gene VRN-1. unlikely that they would affect the regulation of the VRN-A1 transcription. The single SNP that differenti-
Breeding Applications
ates the two haplotypes is located within the seventh
The results from the Newanan ϫ Redwin population exon and generates an amino acid difference, a valine indicates the feasibility of using these markers to screen in the w haplotype and an alanine in the s haplotype.
populations segregating for the VRN-A1 gene. Even However, an alanine amino acid is also present at the though these markers are based on polymorphisms that same position in the VRN-1 sequences from winter T.
are not the cause of the differences in growth habit, the monococcum accession G1777 (Yan et al., 2003) and probability of a recombination between this marker and winter T. tauschii accession AL8/78-2-2 used to construct a different part of the VRN-1 gene is extremely small. the D genome BAC library (GenBank AY466446). Yan et al. (2003) did not find a single recombinant within These results suggest that the valine to alanine amino the VRN-A1 gene in a segregating population of 6190 acid difference is not sufficient to explain the change gametes. The large regions of repetitive elements flankbetween winter and spring growth habit. However, it ing the VRN-A1 gene (at least 50 kb in one side and would be interesting to investigate if this amino acid 165 kb on the other) might contribute to the low recomdifference in the VRN-A1 protein in hexaploid wheat bination frequency observed in this region. Therefore, has any effect on flowering time.
for this type of application these markers would probaIn diploid wheat T. monococcum, no amino acid difbly be as reliable as a perfect marker. ferences in the VRN-A1 proteins were found between The CAPS marker is the better option for applications accessions with spring and winter growth habit. The that require a codominant marker. For example, in a differences in growth habit were associated with delemarker assisted backcrossing programs to convert a spring tions in the promoter regions (Yan et al., 2003) . A more line into a winter growth habit, the CAPS marker can detailed study of the allelic variation in the promoter be used to differentiate the VRN-A1 homozygous and region of the VRN-A1 gene in hexaploid wheat will heterozygous spring plants. The CAPS marker also can be necessary to establish the relationship between the be used to select homozygous plants for the spring haphaplotypes found in this study and the differences in the lotype in an F 2 segregating population, to fix the spring regulatory regions of the VRN-A1 gene. growth habit. However, if the breeding objective were Although the polymorphisms discovered in this study to enrich very large segregating populations for one of are probably not the direct cause of the differences the alleles, the allele specific primers would probably between spring and winter growth habit, they were assobe a cheaper option. These markers do not require a ciated with growth habit in a wide range of germplasm restriction enzyme digestion after the PCR, minimizing (Table 1) . The three spring accessions with the w haplotime and cost. type were shown to carry a recessive vrn-A1 allele and These molecular markers also could be useful in charalleles for spring growth habit at different VRN-1 loci, acterizing spring lines of unknown genotype. As an exand so were not real exceptions (Table 1 ). The only two ample of this application, the CAPS marker was used real exceptions were Chinese Spring and Triple Dirk C, to characterize seven spring accessions (Fig. 3 ). All these which have the recessive vrn-A1 allele but showed the accessions had the s haplotype suggesting that they carry three mutations characteristic of the s haplotype. A simthe dominant spring allele for the VRN-A1 locus. The ple explanation for these observations is that the separafive winter lines included as controls showed the extion of the s and w haplotypes occurred before the mutapected w haplotype (Fig. 3) . tion that originated the change in growth habit, and that
The CAPS marker also can be used to screen large those mutations occurred in VRN-A1 genes with the s haplotype. Thus far, all springs have the s haplotype germplasm collections and identify spring accessions 
